Body mass index is associated with the development of acute respiratory distress syndrome 30-39.9 ) and 116 (6%) severely obese (BMI >40). Increasing weight was associated with younger age (p,0.001), diabetes (p,0.0001), higher blood glucose (p,0.0001), lower prevalence of direct pulmonary injury (p,0.0001) and later development of ARDS (p = 0.01). BMI was associated with ARDS on multivariate analysis (OR adj 1.24 per SD increase; 95% CI 1.11 to 1.39). Similarly, obesity was associated with ARDS compared with normal weight (OR adj 1.66; 95% CI 1.21 to 2.28 for obese; OR adj 1.78; 95% CI 1.12 to 2.92 for severely obese). Exploratory analysis in a subgroup of intubated patients without ARDS on admission (n = 1045) found that obese patients received higher peak (p,0.0001) and positive end-expiratory pressures (p,0.0001) than non-obese patients. Among patients with ARDS, increasing BMI was associated with increased length of stay (p = 0.007) but not with mortality (OR adj 0.89 per SD increase; 95% CI 0.71 to 1.12). Conclusion: BMI was associated with increased risk of ARDS in a weight-dependent manner and with increased length of stay, but not with mortality. Additional studies are needed to determine whether differences in initial ventilator settings may contribute to ARDS development in the obese.
Obesity is considered to be an epidemic. In the last 20 years, obesity has tripled in the UK. 1 In the USA, the estimated mortality attributed to obesity is .110 000 a year, with healthcare costs estimated at 5.7% of the national health expenditures. 2 The most expensive component of healthcare delivery is critical care. 3 Although obesity has been associated with increased mortality in trauma, obesity's impact on other critical illnesses is less clear. 4 5 Some investigators found obesity to be associated with increased mortality, increased complications and length of hospital stay. 6 7 Other studies showed no to improved mortality in the obese patients. [8] [9] [10] Acute respiratory distress syndrome (ARDS) is now known to be associated with high mortality and high healthcare costs. 11 Most studies of obesity and ARDS have focused on mortality, with some indicating no association and others reporting lower mortality among the obese. 8 9 12 Little is known about whether body weight and obesity are associated with a variable increased risk of developing lung injury. With the rising incidence of obesity and the increased mortality, morbidity and health expenditures associated with ARDS, it is important to understand how body mass index (BMI) and obesity may relate to the development of ARDS in order to care for the growing number of obese patients seen in the ICU and to plan for future epidemiological and clinical studies of ARDS.
In a cohort of critically ill patients enrolled in the Molecular Epidemiology of ARDS study, we aimed to determine if BMI and obesity are associated with development of ARDS and mortality in ARDS.
MATERIALS AND METHODS Study population
All subjects in this study were enrolled into the Molecular Epidemiology of ARDS study, as described previously. 13 Briefly, all admissions to adult intensive care units (ICUs) were eligible for the study if they were admitted with one or more study-defined risk factor for ARDS and no exclusion criteria (Supplementary Table S1 online). The study was conducted at the Massachusetts General Hospital (MGH) since 1999 and at the Beth Israel Deaconess Medical Center (BIDMC) (Boston, Massachusetts) since 2007. Incidences of ARDS and mortality in ARDS did not differ between the two sites (p>0.7). The Human Subjects Committees of the MGH, BIDMC and Harvard School of Public Health approved the study, and informed consent was obtained from all subjects or their surrogates.
BMI was calculated from height and weight recorded on admission to the ICU (BMI = weight (kg)/ht(m)
2 ). Patients without height and weight recorded including those for whom height could not be determined (bilateral amputees, severe kyphoscoliosis or contractures) were excluded.
Research coordinators screened all patients daily for ARDS defined similarly to the American European Consensus Committee (AECC): (1) hypoxaemic respiratory failure requiring intubation and PaO 2 /FiO 2 (200 mm Hg; (2) the presence of bilateral infiltrates on chest radiographs; and (3) pulmonary arterial occlusion pressure (18 mm Hg or no suspicion for congestive heart failure. Infiltrates on chest radiographs were defined as opacities consistent with ARDS that could not be explained completely by pleural effusions, mass, body habitus or atelectasis. Daily chest radiographs were reviewed by two physicians. Any disagreement went to a third physician for arbitration. All physicians underwent a consensus training session on the radiological criteria for ARDS. All were blinded to the clinical status of the patients and the presence of other ARDS criteria. The agreement between interpreters was good and similar to prior reports (Kappa 0.75 (95% CI 0.60 to 0.90)).
14 Patients with ARDS were followed for all-cause 60-day mortality, ICU and hospital length of stay, daily organ dysfunction score (MODS) and ventilator-free days, as previously described. 15 
Statistical analysis
Univariate analyses were performed with x 2 tests and Wilcoxon rank sum or analysis of variance (ANOVA), as appropriate. We explored the relationship between BMI and the development of ARDS and mortality in ARDS in two ways. We included BMI as a continuous variable in a logistic regression model after determining that the logit was linear. Odds ratios (ORs) were calculated per 1 SD increase in predictor variables. We also categorised BMI according to the National Institutes of Health (NIH) definition of obesity 16 ( fig 1) and reported the ORs using normal weight as the reference. Categorising the BMI according to quartiles yielded nearly identical results so the NIH definition was used as it was more clinically relevant.
Final multivariate models included variables related to weight from univariate analyses (p,0.05), and factors previously reported to be associated with ARDS such as transfusion of packed red cells and haematological failure with platelets ,80610
9 /l or factors associated with ARDS mortality such as high tidal volume ventilation, chronic liver disease and transfusion. 13 To account for secular changes in the development and outcomes in ARDS, conditional logistic regression was used after stratifying by calendar year of study. Continuous variables were included as linear if the plot of the logit was linear, and categorised if not (tidal volume/ideal body weight (IBW) and positive end expiratory pressure (PEEP)). Glucose was log transformed prior to inclusion in the model. No colinearity was found after calculating the condition index (,2.2) and variance inflation index (, 1.6) . Interactions between BMI and other covariates in the model were tested with an interaction term and none was found (p.0.1). Any p values (0.05 were considered statistically significant. Daily Multiple Organ Dysfunction Score (MODS) after ARDS was compared employing mixed-effects models using the Proc Mixed procedure. All analyses were conducted using SAS v9.
RESULTS
Between 9 September 1999 and 4 August 2007, 1995 patients were enrolled in the Molecular Epidemiology of ARDS study. BMI data were missing from 200 subjects (10%). Compared with subjects with BMI data, those missing BMI data tended to be slightly younger (mean (SD) 59 (20) The mean BMI in the subjects was 27.9 (8.1) kg/m 2 . A total of 547 (30%) subjects developed ARDS. At baseline, obese patients tended to be younger and were less likely to have a direct pulmonary injury (such as pneumonia) as the predisposing risk for ARDS but had a higher likelihood of requiring intubation (table 1) . The highest glucose on ICU admission and the proportion of patients with diabetes increased with obesity. The proportion of patients who are female varied significantly with weight but there was no difference between weight categories in race, APACHE III physiology score, septic shock and comorbidities such as cancer, chronic liver disease and renal failure.
Development of ARDS
Patients with ARDS had a higher BMI compared with patients who did not develop ARDS ( ICU admission and development of ARDS increased with increasing weight (table 1), suggesting that obese patients with ARDS develop it later in the course of their ICU hospitalisation. Increasing BMI was associated with ARDS on univariate (OR adj 1.11 per SD increase in BMI; 95% CI 1.01 to 1.22) and multivariate analysis (OR adj 1.24 per SD increase 95% CI 1.11 to 1.39) (table 2). After categorising BMI into NIH-defined weight categories, there were increasing odds of ARDS with increasing obesity compared with normal weight individuals ( fig 3A) . Excluding transfer patients and patients with liver disease whose BMI may be distorted by fluids prior to transfer or by ascities, the association between BMI and increased ARDS remained (OR adj 1.19 per SD increase; 95% CI 1.03 to 1.37). Excluding underweight patients did not significantly change the results (OR adj 1.21 per SD increase; 95% CI 1.08 to 1.36).
We explored whether the body habitus of the obese and severely obese patients may make it more likely that they would meet the respiratory failure or the radiographic criteria of ARDS.
Obese patients (BMI >30 kg/m 2 ) were more likely to have hypoxaemic respiratory failure than non-obese patients (BMI ,30 kg/m 2 ) (table 3) . However, obese patients were not more likely to have bilateral infiltrates on chest radiograph than nonobese patients. In addition, heart failure was also less likely to be excluded in the obese. The body habitus of the severely obese may complicate the diagnosis of ARDS the most. Yet after excluding the severely obese, the association between obesity and ARDS was actually strengthened (OR adj 1.40 per SD increase in BMI; 95% CI 1.17 to 1.68; OR adj 1.72, 95% CI 1.25 to 2.36 for obese vs normal weight). The misclassification of ARDS from atelectasis or body habitus might be expected to result in a lower attributable mortality from ARDS among the obese. Yet, ICU mortality was consistently higher in ARDS compared with patients without ARDS among all weight groups (45% (9/20) vs 5% (3/60), p = 0.0001 among the underweight patients; 32% (54/171) vs 9% (39/448), p,0.0001 in the normal weight; 31% (56/181) vs 6% (24/418), p,0.0001 59 (18) 57 (21) 57 (22) 57 (20) 58 (22) 0.9 APACHE III total score (mean (SD)) 70 (22) 70 (23) 69 (24) 68 (22) To investigate why obese patients may be more likely to develop ARDS especially later in their ICU course, we examined the role of initial ventilatory parameters on ARDS development in the subgroup of 1045 patients (58% of cohort) who were intubated but who did not fulfil the criteria for ARDS during the first day of their ICU admission (table 4). Increasing weight category was associated with higher tidal volumes, peak inspiratory pressures (PIPs) and PEEPs on ICU admission. On multivariate analyses, higher PEEP and PIP after ICU admission remained significantly associated with increased development of ARDS (Supplementary Table S2 online). BMI was associated with increased development of ARDS but the statistical significance was now borderline in this subgroup of intubated patients (OR adj 1.19 per SD increase, 95% CI 0.99 to 1.43; p = 0.06).
Outcomes in ARDS
The 60-day ARDS mortality was 37%. ARDS survivors had higher BMI than non-survivors (29.2 (10.1) vs 27.2 (6.9); p = 0.01), but this may be due in part to the higher mortality in the underweight patients ( fig 2B) . On multivariate analyses after adjusting for age, APACHE III, other variables associated with weight on univariate analyses and previously found predictors for ARDS mortality such as chronic liver disease, transfusion of red cells and high tidal volume ventilation (.8 ml/ kg IBW), BMI was no longer associated with ARDS mortality (OR adj 0.89 per SD increase, 95% CI 0.71 to 1.12) (fig 3B) . Excluding underweight patients did not change the findings.
BMI was not significantly associated with ICU mortality (OR 0.86 per SD increase, 95% CI 0.72 to 1.04). After categorising by the NIH definition of obesity, obesity was associated with significantly longer ICU and hospital length of stay but was not associated with ICU mortality or ventilator-free days (table 5) , and organ dysfunction after ARDS did not vary significantly between weight categories (p = 0.4).
DISCUSSION
In a cohort of ICU patients at risk for ARDS, we found significant associations between BMI and obesity and increased development of ARDS that persist even after accounting for known risk factors for the development of ARDS. While obesity was found to be associated with increased ICU and hospital length of stay, there was no significant association between obesity and ARDS mortality after adjusting for potential predictors of mortality. This study has a number of strengths. First, most studies on obesity and acute lung injury (ALI)/ARDS have focused on mortality as the outcome rather than development of ALI/ ARDS. This is a large cohort specifically designed to examine the development of ARDS. Thus, the diagnosis of ARDS was carefully carried out with daily screening for ARDS criteria and consensus reading of chest radiographs after uniform training with blinding of reviewers. Important predictors for the development of ARDS were available for analyses. Lastly, BMI was available for the majority of patients in the cohort (90%), allowing for all weight categories to be available for analyses.
There have been few studies that have examined obesity and development of ARDS, and the results have been conflicting. 6 7 17 Interpretation of these results is difficult as ARDS was not their primary outcome so it is unclear to what extent misclassification and underdiagnoses of ARDS may have occurred. Consistent with our findings, another study found that a higher BMI was associated with primary graft dysfunction, a form of ARDS that develops after lung transplant. 18 It is possible that obese patients may more easily fulfil AECC criteria for ARDS because of their body habitus, which may increase the likelihood of respiratory failure and make interpretation of chest radiographs difficult. However, it is not clear that this completely accounts for the association between obesity and ARDS in this study. Although obese patients in this study were more likely to develop hypoxaemic respiratory failure, they were not more likely to have bilateral infiltrates consistent with ARDS. Our consensus training on radiological findings for ARDS specifically indicates that findings consistent with body habitus should not be interpreted as ARDS. Severely obese patients (BMI >40 kg/m 2 ) are most prone to difficult radiographic interpretation and to obesity-related respiratory failure. Excluding them actually strengthened the association between BMI and ARDS. Lastly, the consistently higher mortality seen in patients with ARDS compared with those without ARDS in every weight category would argue against attributing ARDS to mere body habitus and atelectasis in the obese.
Our study found that the initial ventilatory strategy employed on admission to the ICU prior to development of ARDS varied by weight, and may contribute to development of ARDS in obese patients. Ventilator-induced lung injury is a well Figure 3 (A) ORs for development of acute respiratory distress syndrome (ARDS) and (B) 60-mortality after developing ARDS by body mass index category. The reference group is patients in the normal weight category. ORs for development of ARDS are stratified by calendar year of study and adjusted for age, gender, APACHE III (Acute Physiology and Chronic Health Evaluation III) score (without the PaO 2 / FiO 2 score), diabetes, clinical risk for ARDS such as septic shock and direct pulmonary injury, haematological failure, transfusion of packed red blood cells, peak glucose in the first 24 h of ICU admission and acute respiratory failure on intensive care unit (ICU) admission. ORs for ARDS mortality are stratified by calendar year of study and adjusted for age, gender, APACHE III score, aetiology for ARDS (septic shock or direct pulmonary injury), co-morbidities such as diabetes and chronic liver disease, haematological failure, number of packed red cells transfused, peak glucose in the first 24 h of ICU admission, and high tidal volume ventilation (.8 ml/kg ideal body weight) on the day ARDS criteria were fulfilled. recognised model of ALI/ARDS. 19 Recently, several studies have found that high PIP, increasing PEEP and larger tidal volumes were all associated with increased development of ARDS later in the ICU stay. 20 21 Examining patients with ALI enrolled in ARDSnet trials, O'Brien et al found that obese patients had significantly higher tidal volumes and peak airway pressures prior to enrolment than normal weight patients. 12 However, because PIP, tidal volume or PEEP was not available for onethird of intubated patients (n = 354), the loss of statistical significance between BMI and ARDS may be due to the loss of statistical power and the results should be considered exploratory. Nevertheless, these findings suggest that obese patients may be more frequently ventilated with injurious settings. 21 22 However, initial ventilatory settings may not completely explain the association between obesity and ARDS. Alternative mechanisms are possible. Obesity has been associated with increased risk for infections and infectious complications. 23 Obesity may promote viral pneumonia and ARDS, as suggested by a recent CDC (Centers for Disease Control) report on H1N1 infection. 24 Of 10 patients with H1N1 with refractory ARDS in Michigan, 9 were obese and 7 were severely obese. Autopsy reveals viral pneumonitis and diffuse alveolar damage. Alternatively, aspiration may play a role. Although aspiration was not more frequent among obese patients on ICU admission in this study, obese patients, who have greater incidence of difficult intubations and complications from intubations, 25 may be more likely to have aspirated after ICU admission which may further influence their risk for developing ARDS. In addition, obesity has been found to promote the inflammatory response and endothelial changes commonly seen in ARDS. 26 27 Elevated levels of inflammatory adipokines are found in obesity, and two adipokines, pre-B cell-enhancing factor (PBEF) and leptin, have been associated with development of ARDS in animal and clinical studies. [28] [29] [30] [31] In addition, obese patients are often treated with medications such as ACE inhibitors and statins, although animal models suggest that these agents protect against development of lung injury. 32 33 Our results on BMI and ARDS mortality are consistent with previous observations. Similar to O'Brien et al and the Kings County cohort, we found a U-shaped distribution in risk for ARDS mortality, and increased ICU and hospital length of stay in the obese and severely obese patients with ARDS. 8 9 Other studies that did not focus on ARDS have found that obese, critically ill patients have increased length of stay with either unchanged or improved mortality. 4 10 34 35 There are several limitations to this study. We were missing BMI on 10% of the patients in the cohort, but this is an unlikely source of bias since there was no difference between patients with and without BMI data in factors associated with BMI such as diabetes and hyperglycaemia. The AECC criteria are the most commonly used definition for ARDS. However, the body habitus of the obese presents special challenges in the determination of ARDS. Although additional analysis did not suggest that obese patients were more likely to be interpreted as having bilateral infiltrates, we cannot exclude the possibility that some of the obese patients who fulfil ARDS criteria may not have diffuse alveolar damage. However, universal lung biopsy of patients with ARDS is unrealistic. Data on volume status and fluid resuscitation were not available. Therefore, although weight was determined on ICU admission, we cannot exclude the possibility that fluids given prior to admission may have affected the BMI. As this is an observational study, we cannot exclude the possibility of unmeasured confounding. However, since this cohort was designed to examine development of ARDS, a large number of known predictors for development of ARDS were examined in this study. The population consisted of patients at risk for ALI/ARDS from common injuries such as sepsis, trauma, multiple transfusions and aspiration. The results may not be applicable to patients with less common risks for ARDS.
In conclusion, we report an association between BMI and development of ARDS, with increasing odds of ARDS with increasing obesity. Higher BMI and obesity were associated with longer lengths of stay but not ARDS mortality after adjusting for baseline clinical factors. With the increasing incidence of obesity, the results from this study suggest that critical care clinicians should be aware of the possibility of increased risk for ARDS in their obese and severely obese patients and they have implications regarding how such patients should be ventilated or managed.
